Abstract This article provides insights regarding the state of the literature on the economics of drip irrigation adoption and diffusion. Our literature review finds that the methodological approaches to studying diffusion-conceptual modeling, empirical analysis, and historical narratives-are complementary, yet historical analyses have been underemphasized. To address this gap, we conduct a historical analysis of the diffusion of drip irrigation in California. Our forty-five-year narrative highlights that the successful adoption of drip irrigation to diverse crops and locations required (i) coevolution of the technology and complementary production processes, and (ii) joint efforts by private and public experts at the local level.
the grey literature-together with theory and thorough economic arguments to weave stories and identify factual and conceptual patterns.
Some of the most important contributions to the economics of technology adoption originated in historical analysis. For example, David (1966 David ( , 1969 introduced the threshold model of adoption, and used it to analyze the diffusion of mechanized reaping in the antebellum Midwest. The historical approach taken by Olmstead (1975) showed how agricultural technologies, as well as markets and institutions, evolve to facilitate diffusion. The work done by these economic historians has enriched our understanding of adoption and the role of institutional, credit, and risk constraints. Yet, while economic history methods have played a major role in analyzing the diffusion of early agricultural technologies, they have been less emphasized for analyzing the diffusion of more recent agricultural technologies. The prime objective of this paper is to demonstrate the value of historical analysis in the economics of adoption, using the case of drip irrigation adoption in the State of California.
California ranks first in the United States for agricultural cash receipts (USDA 2016), and drip irrigation has become a major factor in its agriculture. Drip irrigation is an example of a technology that increases input use efficiency (Caswell, Lichtenberg, and Zilberman 1990) . This method of irrigation conveys water to plants through a network of pipes and emitters, and allows the slow and controlled application of water. This method is more capital intensive than traditional irrigation technologies, but allocates a smaller volume of water per unit of time with higher precision. Importantly, drip irrigation is a process innovation-an improved production method that may be embodied in new products or processes.
1 When a process innovation has diverse applications, its diffusion may move across numerous sectors and regions-for example, herbicide-tolerant genetic modifications have diffused in corn, soybean and cotton across assorted climates and countries. However, the transition of the innovation among applications is not always straightforward. Drip irrigation was introduced to California in 1969, and by 1988-almost twenty years later-it had been adopted on only 5% of irrigated land. Yet by 2010-another twenty years later-over 40% of irrigated land in California used drip systems (Tindula, Orang, and Snyder 2013) .
Figures 1 and 2 illustrate this non-linear diffusion trajectory. Why was diffusion slow in some periods and quick in others? While these figures depict broad patterns of diffusion, they do not capture the adaptation of a new technology to local needs that was necessary for drip irrigation to spread across space and time, to the benefit of a wide variety of users. Other regions around the world have been expecting to effectively utilize drip irrigation, with a mixed record of successes and failures (Venot et al. 2014) . Our historical analysis of drip irrigation in California helps to identify the factors determining the successes versus the failures, which may apply to other regions and countries.
We begin with a review of the overarching economic literature on adoption and diffusion of innovations, followed by a review of some conceptual models and empirical studies of adoption specific to drip irrigation, to provide context and interpretation of the Californian experience. While we find a rich supply of conceptual and statistical studies of drip irrigation adoption, we identify a shortage of recent historical analyses. To attenuate this gap, we complement the literature review with a historical narrative of the diffusion of drip irrigation in California, based on interviews and the grey literature, (i) highlighting the linkages and breaks between theory, empirical evidence, and history, and (ii) demonstrating the value added of this approach. 2 Our historical analysis finds, first, that the diffusion of drip irrigation in California followed the predictions of the threshold model, in the sense that drip irrigation was adopted earlier in crops and locations where it was most profitable. In particular, early adoption tended to occur in high-value crops in locations with sandy soils or sloped terrain. Second, drip irrigation was perceived mostly as a yield-enhancing technology for high-value crops and was not subsidized for water conservation. Third, droughts played a major role in inducing large waves of adoption of the technology, while conversely, diffusion was slowed when the technology did not perform as advertised. Fourth, the keys to the success of the technology in new crops and locations was (i) the coevolution of the technology with complementary agronomic practices, and (ii) the strength of local institutions to adapt the innovation to local needs. While the private sector improved the technology over time, both private consultants and public agents (i.e., extension) supplied complementary agricultural knowledge and practices to enable its transition across diverse crops and regions.
Review of Economic Literature on Adoption and Diffusion
In synthesizing the literature, it is useful to divide it into three strands based on methodology. First, conceptual models produce hypotheses and formulae, which are often applied with simulations and numerical examples. Second, econometric methods-as well as statistical approaches from agronomy and other fields-analyze data for estimating predictions and testing hypotheses. Third, historical studies combine various bodies of data-surveys, Figure 1 Trends in irrigated area (%) by irrigation system category in California Source: Tindula, Orang, and Snyder (2013 David (1990) was early to argue the importance of historical studies in fully understanding the diffusion of process innovations, demonstrating his point by comparing the diffusion of the computer (a modern process innovation) to that of the electric dynamo 100 years earlier.
Applied Economic Perspectives and Policy primary sources, and other evidence-together with theory and thorough economic arguments to weave stories and identify factual and conceptual patterns.
We begin with a review of the overarching economic literature on adoption and diffusion of innovations, highlighting three types of conceptual models: 1) imitation models, 2) threshold models, and 3) option value models. Second, we review the conceptual models of adoption specific to drip irrigation. Next, we explore the empirical literature on drip irrigation adoption and diffusion. Finally, we summarize the gaps found in this comprehensive literature review. In particular, while we show a rich supply of Diffusion of Drip Irrigation: The Case of California conceptual and statistical studies of drip irrigation adoption, we identify a shortage of recent historical analyses.
Conceptual Literature on Adoption and Diffusion
There is a time lag between the introduction of a technology and its use. Diffusion is the process by which a technology is adopted over time. At any given period, diffusion is measured by aggregating over all the adopters of the technology. Sociologist Everett Rogers (1962) modeled diffusion as a process of imitation and estimated the diffusion curve as an S-shaped function over time. Griliches (1957) brought the imitation model to the economic literature; using time-series data on aggregate levels of adoption, Griliches found that the parameters of the diffusion curves of hybrid corn across different communities were affected by economic considerations, such as profit. David (1966 David ( , 1969 , in sharp contrast, introduced the threshold model of technology diffusion, arguing that adoption is not mere imitation but an explicit economic choice, and that the S-shape is a result of heterogeneity among agents. Using the threshold model, David (1966) explained the diffusion of mechanical grain reapers in the United States during the nineteenth century. Assuming that farms vary in size, and that farmers must choose between hand methods with high variable labor costs and machine methods with high fixed costs, the threshold model predicted that only farms larger than a certain threshold save sufficient labor to cover the extra fixed cost of the reaper.
Countering the threshold model, Olmstead (1975) argued that David's model emphasized the demand-side determinants of diffusion without explicitly considering supply side factors (e.g., technological refinements) and institutional elements (e.g., cooperative sharing of the technology among farmers) affecting diffusion. Sunding and Zilberman (2001) expanded the threshold framework to include both demand and supply considerations. These authors argued that the parameters of the adoption process are affected by (i) the microeconomic behavior of the agent (e.g., profitmaximization, expected utility maximization), (ii) sources of heterogeneity (e.g., size of operation, human capital, location, etc.), and (iii) dynamic processes that may occur both on the demand side (e.g., learning-by-using of the farmer) and the supply side (e.g., learning-by-doing of the manufacturers). Unlike the imitation model, the augmented threshold model provided the conceptual foundation to identify economic factors and sources of heterogeneity affecting adoption behavior, using cross-section and panel data and, frequently, discrete choice techniques.
Finally, since adoption decisions may involve irreversible decisions under uncertainty, the real options value model of Dixit and Pindyck (1994) 3 has been adapted to study technology adoption choices (Farzin, Huisman, and Kort 1998; Hall 2005) . These studies suggest that at a given moment decision-makers do not simply decide whether or not to adopt, but also consider the option to delay the decision until better information is available or the real price of the technology drops. In these models, adoption may be triggered by critical values of key variables, such as the price of outputs and inputs and the cost of the technology.
Conceptual Literature on Drip Irrigation Adoption
The models discussed in this section incorporate biophysical factors into the imitation, threshold, and option value adoption models discussed above, in order to identify (i) when and where adoption of drip irrigation would occur, and (ii) what impacts drip irrigation would have on yield, water use, and production costs. Overall, this literature suggests that drip irrigation tends to increase operational profit, which is revenue minus the cost of variable inputs, but requires a larger investment in capital. Caswell and Zilberman (1986) model drip irrigation as a land-quality augmenting process innovation that enhances the water-use efficiency (fraction of water consumed by the crop) of applied water. These authors further identify the land-quality threshold for the profitable adoption of drip irrigation, and suggest that drip irrigation is more likely to be adopted in regions with lower water holding capacity as well as in locations with higher water and/or crop prices. These authors also show that by increasing input use efficiency, drip irrigation increases profit maximizing yield, and if the yield effect is sufficient, adopting drip irrigation may increase the quantity of the water demanded. 4 Thus, the adoption of drip irrigation will have a positive yield effect but not necessarily a water saving effect. Furthermore, the adoption of drip irrigation may go beyond the intensive margin (i.e., the transition from a traditional irrigation technology to drip irrigation) to the extensive margin where new lands enter into production using drip irrigation. With significant extensive margin effects, the adoption of drip irrigation can increase aggregate water demand (Pfeiffer and Lin 2014; Ward and PulidoVelazquez 2008) .
Another advantage of drip irrigation is that it improves the control of the timing of irrigation compared to furrow or sprinkler irrigation. Shani et al. (2009) show that the higher frequency of irrigation stabilizes soil moisture, leading to increased yield with less water. Drip irrigation may also be adopted to improve product quality. For instance, the quality of wine grapes is often determined by the level of soluble solids in the crop at harvest, Johnstone et al. 2005) . 5 Since the prices of water that farmers face may fluctuate reflecting water scarcity, Carey and Zilberman (2002) use the option value approach to identify the reservation price of water that will trigger adoption. Heumesser et al. (2012) use stochastic dynamic programming to assess the profitability of transition from sprinkler to drip irrigation in vegetable production in Austria to address increased precipitation uncertainty, and find it to be profitable only when the technology is subsidized.
These models can be expanded to include several inputs in addition to water. Drip irrigation systems can be used to deliver fertilizers (i.e., fertigation) and pesticides (i.e., chemigation) to plants, which increases the input use efficiencies of these inputs, with added yield-increasing and input-saving effects (see survey by Schoengold and Zilberman 2007) . Drip irrigation may also provide benefits by reducing the generation of drainage. Traditional irrigation methods such as flood and furrow generate residue water not consumed by the plants (i.e., drainage), which accumulates in the soil and reduces productivity in the long run (Caswell, Lichtenberg, and Zilberman 1990; Kan, Schwabe, and Knapp 2002) . The precise water applications of drip irrigation systems can slow the negative externalities of drainage and water logging. However, the adoption of more efficient irrigation technologies such as drip irrigation may reduce valuable return flows and may limit aquifer recharge (Johnson, Sullivan, and Cosgrove 1999) . This is especially problematic in areas where return flows are an important source of downstream water supply. Ward and Pulido-Velazquez (2008) show how policies aimed at reducing water applications can actually increase water depletion in this fashion.
Finally, the conceptual literature has examined how policies and regulations can affect the adoption of drip irrigation. A simulation using data on cotton production in California by Khanna, Isik, and Zilberman (2002) shows that green payments-used to subsidize the fixed cost of adoption or the reduction of polluting inputs-lead to the adoption of drip irrigation and subsequently reduce drainage. Schoengold and Zilberman (2007) suggest that subsidies for groundwater pumping may lead to the overuse of water and under-adoption of water conservation technologies.
6 Dinar and Letey (1991) show that the adoption of drip irrigation and reduction of drainage may be triggered by institutional changes such as stricter regulation of drainage or the introduction of water trading. In some states in the western United States, the prior appropriation system is modified so farmers are allocated quotas and pay a water fee. The quotas aim to maximize social welfare while preserving seniority of water rights. Dridi and Khanna (2005) find that the allocation of the quotas is done under conditions of asymmetric information (policy makers may not know the abilities of individual farmers and the qualities of their land), leading to the suboptimal allocation of quotas and resources. Using parameters from California these authors show that the asymmetric information and adverse selection associated with it may lead to the under-adoption of drip irrigation.
Overall, the literature emphasizes that the adoption of drip irrigation is likely to be affected by changes in economic conditions-for example, increasing with higher water prices, higher output prices, higher quality premiums, or reductions in the cost of the technology-and that ill-designed policies may dampen adoption.
Empirical Literature on Drip Irrigation Adoption
Empirical studies have investigated the adoption of drip irrigation in various countries and crops, with the adoption of drip irrigation experiencing varying levels of success. Appendix Table 1 summarizes the articles we discuss in this section and their main findings on the drivers of drip irrigation adoption. Given that drip irrigation was first developed in Israel, it is unsurprising that some of the earliest studies come from this country. Fishelson and Rymon (1989) find that profitability is a key factor for explaining the diffusion patterns of drip irrigation in various parts of Israelwhere differences in yield per unit of land among counties led to differences in speed of adoption. Education of the farmer and access to information were not drivers of adoption in this setting, where farmers were quite homogeneous in education levels and experience and extension services were evenly distributed. Dinar and Yaron (1992) review irrigation technologies throughout the twentieth century in Israel and identify processes of sequential transition among irrigation technologies-namely, the abandonment of less advanced technologies and the adoption of more advanced ones. The adoption of the modern technologies was driven by profitability affected by yield effects, water price savings and, in the case of drip irrigation adoption, subsidies provided. Caswell and Zilberman (1985) use discrete choice estimation techniques to document the importance of crop and regional characteristics in the adoption of drip irrigation in California. These authors' analysis emphasized the importance of water costs and water rights and found that water districts with cheap surface water rights were less likely to adopt drip irrigation than ones relying on costly groundwater. Shrestha and Gopalakrishnan (1993) found that the adoption of drip irrigation in Hawaiian sugarcane was higher on more productive lands, through impacts on both yield and water use. These authors also found that farm size enhanced the likelihood of adoption of drip irrigation because it allowed the sharing of the fixed cost among a larger yield, and that adoption is also more likely in fields with existing rather than newly-planted sugarcane.
Econometric analysis of data from Crete, Greece, supports several of the hypotheses of the conceptual literature. Koundouri, Nauges, and Tzouvelekas (2006) find that the adoption of drip irrigation in Crete was induced by perceived profitability gains and concerns over water shortages. Genius et al. (2014) analyze the timing of adoption of drip irrigation in Crete and show that better access to information from both informal and formal sources enhance the likelihood of adoption, and that formal and informal information sources are complementary.
Using time series data in Spain, Alcon, de Miguel, and Burton (2011) find that the adoption of drip irrigation in perennial crops preceded that of annual crops due to higher profitability. The likelihood of adopting drip irrigation increased with water scarcity and credit availability. It was also positively affected by education and by access to information networks. Foltz (2003) , in a cross-sectional study of the adoption of drip irrigation in Tunisia, similarly found that the likelihood of adoption is enhanced by access to credit and by access to information on the technology. Dagnino and Ward (2012) survey recent empirical studies and suggest that the adoption of drip irrigation has been subsidized as part of policy that aims to increase water conservation. While the adoption of technology in the Rio Grande led to increased farm income and decreased water application per acre, overall water demand increased because of the extensive margin effect. Therefore, if technology subsidies are used as part of conservation policies, when feasible they need to be augmented with monitoring and control of overall water supply through water pricing.
Finally, empirical studies have also examined regions where the adoption of drip irrigation was less successful. Kulecho and Weatherhead (2006) Diffusion of Drip Irrigation: The Case of California found that the lack of infrastructure and a reliable water supply, as well as the lack of experience in marketing irrigated crops, and the lack of institutional support services negatively influenced the adoption of drip irrigation in Kenya. Namara, Nagar, and Upadhyay (2007)-who study the adoption of drip irrigation in India-also found low adoption rates; however, the technology yielded productivity and profit gains for those (mostly richer) farmers that did adopt. Adoption among poor farmers was limited because (i) the low-cost drip irrigation systems were not suited for the staple crops popular among poor farmers, (ii) low levels of education among poor farmers limited their access to information, and (iii) poor farmers had lower access to groundwater, both quantitatively and qualitatively.
Overall, the empirical literature on drip irrigation adoption supports many of the hypotheses of the theoretical research-documenting the role of yield effects, profitability, water cost, land quality, education, extension and technical support, production risks, and demographic factors in explaining adoption. 7 The performance of drip irrigation was not equally successful in all regions, with adoption hindered when one or more of these factors was lacking.
Gaps in the Conceptual and Empirical Economic Literature on the Adoption of Drip Irrigation
Some of the gaps in the economic literature on adoption of drip irrigation can be gleaned from related bodies of literature. Unlike the economic literature on drip irrigation adoption, studies in the agronomic and geoscience literature have emphasized the need to adapt the irrigation technologies to crop and locational peculiarities. Garb and Friedlander (2014) argue that the success of drip irrigation in Israel has been the result of re-innovation of the technology in its various applications, and the emergence of local innovation systems that allow the technology to integrate into a different agroeconomic reality. Not only did extension "transfer the technology", they also contributed to redesigning the agricultural system to take advantage of it. These authors, as well as Venot et al. (2014) , suggest that drip irrigation per se is not a silver bullet to meet the challenges of food security and water scarcity, and its success requires the development of complementary practices and institutions that will render it effective. These two studies emphasize the importance of changes in production practices and adaptation to local conditions. Building a complete picture of the diffusion process requires understanding the evolution and modifications of the technology over time-both the supply and demand mechanisms. Yet much of the economic literature on diffusion of modern irrigation technologies emphasizes the demand-side considerations, which are primarily derived from the economics of potential adopters, and less attention is given to the evolution of the technology and other supply-side factors. 8 7 Complementing the empirical literature exploring the adoption and diffusion of drip irrigation, there is also an extensive literature attempting to quantify the benefits of drip adoption. Camp (1998) performs a comprehensive review of sixty-one published studies on subsurface drip irrigation across thirty crops and finds that crop yields for subsurface drip are equal to or greater than those for other irrigation methods.
Similarly, agronomists from Netafim analyze 112 studies of drip irrigation versus flood irrigation in comparable situations and find that yield effects range from 18-50% (Durand and Birrell 2010) . 8 Moreover, as Scheierling, Treguer, and Booker (2016) suggest, much of the empirical irrigation literature has emphasized field-and farm-level issues, and not basin-level aspects.
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One of the strengths of the economic history literature on technology adoption and diffusion has been the analysis of complex transitions of technologies among applications, sectors, and regions-recognizing the evolution of technologies and the role of institutions and policies in adapting the technology to new applications. With a perspective on drip irrigation that has been 45 years in the making, the next section addresses this gap in the literature by providing a historical narrative of the adoption of drip irrigation in California, identifying to what extent its history is consistent with the predictions of the conceptual literature and showcasing the coevolution and local adaptation of the technology across sectors.
Historical Narrative: The Evolution of Drip Irrigation in California
This section explores the evolution of drip irrigation in California over its forty-five year history, linking the historical narrative to the conceptual models and empirical studies described above. To better interpret the data on the spread of the technology over space, crop types, and time, and to construct a more complete narrative, we sought out firsthand accounts from the Irrigation Specialists and Farm Advisors who were influential in drip's diffusion in California. The resulting narrative offers a unique compilation of the existing literature and previously undocumented oral history.
The history of drip irrigation in California showcases the adaptation of a new technology to local needs in order for it to spread across space and time to the benefit of a wide variety of users. In order to visualize this diffusion, we map the percentage of irrigated acres using drip irrigation by county in 1975, 2001 , and 2010 panels (a), (b), and (c) of figure 2. Regions with high rates of adoption vary over time as the technology was adapted to different crops. In 1975, only five years after the introduction of drip irrigation in California, the technology remained mostly in the south where it was introduced, but was beginning to be seen in the San Joaquin Valley. Fast forward twenty-five years to 2001, and drip irrigation had been adopted intensively along the coast and spread widely across the state. This diffusion pattern continued through 2010. However, there have been cases of disadoption, for example in Los Angeles County where agricultural land has significantly declined. We also map, in panels (d) and (e) of figure 2, counties by the percentage of their crop acreage that is high value, as well as by the water costs they face. Comparing all five panels provides weak evidence that drip irrigation was adopted first among high value crops and in areas with high water costs. However, something that will be evident in the narrative below, which is not captured in these maps, is that the introduction of a technology is only part of the diffusion story and that research and development may need to be on-going through much of the life of the technology for it to reach its potential. Total agricultural water use has not changed much either, with agricultural water use between 30-37 million acre-feet per year since the mid 1960s (Cooley 2015) .
Even though irrigation is vital to California agriculture, the prior appropriation water right system (i.e., "Use it or lose it" and "First come, first served") common throughout the western United States does not encourage water conservation (Gardner, Moore, and Walker 1997) . Coupled with a low cost of energy, this led to investment first in gravitational and sprinkler irrigation systems as irrigation expanded in California (Pisani 1984) . However, after the energy crises in the 1970s and 1980s, there was growing value to water-and energy-saving irrigation technologies, which set the scene for the diffusion of low volume irrigation (LVI) methods such as drip irrigation.
10
Early Development and Adoption: 1965-1980 Extension agents have played a major role in the introduction and development of drip irrigation in California from the start. Drip irrigation was first introduced to California on a small five-acre experimental avocado orchard in San Diego County in the late 1960s by the University of California Cooperative Extension (UCCE), after UCCE farm advisor Don Gustafson had witnessed drip irrigation's success in Israel.
11 As suggested by Evenson (2001) , extension programs are designed to facilitate the diffusion of recently developed technologies by (i) evaluating and introducing farmers to the technology through direct educational services, and (ii) interacting with the suppliers of the technology to adapt it to local conditions. In the case of drip irrigation, UCCE initiated field experiments on drip irrigation to determine under what circumstances drip irrigation would be successful. Then UCCE disseminated information on drip irrigation and raised awareness among growers of their field experiment results though research reports, demonstrations, and frequent meetings. In 1970, a year after the avocado experiment was installed, a drip irrigation seminar was held by UCCE, drawing 600 interested people and eighteen manufacturers of drip irrigation equipment desiring to display their products. These seminars 9 Irrigated cropland in California is valued, on average, at more than three times that of non-irrigated cropland-$12,000 per irrigated acre vs. $3,550 per non-irrigated acre (USDA 2012). 10 The cost of water to farmers varies over location and time. Caswell and Zilberman (1985) compute the cost of obtaining an acre-foot of water in California to be $10 to $75, with water prices as high $350 per acre-foot in some regions. In a more recent study, Olen and Wu (2015) calculate that the average surface water cost in California, Oregon, and Washington in 2007 to be $55.34 per acre-foot, with a standard deviation of $184.22 per acre-foot. 11 The first drip irrigation system was invented and brought to fruition by the Israeli water engineer Simcha Blass. After discovering that a slow, balanced water drip led to extraordinary plant growth-and subsequent years of testing drip devices-Simcha Blass established the Netafim Irrigation Company in 1965. With advantages in water savings, labor savings, and increased yields, drip systems quickly spread across Israel.
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grew larger every year and by 1974, San Diego hosted the International Drip Irrigation Congress, drawing over 2,000 persons from twenty-nine countries and approximately seventy exhibitors (Gustafson 1979) .
The traditional literature on the economics of extension (Anderson and Feder 2007) emphasizes the role of agriculture extension in developing the human capital of farmers and in educating farmers about the technologies. In the case of California, in addition to providing educational services and demonstrating technologies, extension agents have also engaged in applied research, adapting technologies to local conditions. Further, UCCE personnel worked with private sector suppliers to adapt drip irrigation to local conditions and crops across the state and to develop complimentary production processes to maximize the benefits of adoption. For instance, UCCE specialists combined the use of drip irrigation and plastic mulching to grow strawberries on marginal land (Caswell, Zilberman, and Goldman 1984) . As UCCE specialist Marsh (1977) wrote: "Since [the initial research on avocados in 1969], many drip-irrigation research projects have been conducted throughout the state on a variety of crops. These have mainly been directed at methods of water and fertilizer management for various crops grown in different soil conditions. Meanwhile, industry has worked on equipment problems, including emitter performance, clogging, and water cleaning to avoid clogging." The industry also marketed the technology both for its yield-enhancing effect, which made it attractive in high-value crops like strawberries and tomatoes, where even a small increase in yield would cover the fixed cost of drip irrigation, and for its water-saving effect, which made it appealing during periods of drought (Caswell 1983) . Figure 1 depicts the initial diffusion of drip irrigation in California. During the 1970s drip irrigation acreage increased and in 1976 there were between 60,000 and 65,000 drip-irrigated acres in California (Marsh 1977) . This growth continued through the 1980s, with 305,000 acres irrigated by drip irrigation technologies in 1980 and 350,000 acres in 1985 (Casterline 1992) . The increase in acreage between 1976 and 1980 was to a large extent due to the major drought of 1976-78-where the associated high shadow price of water rose-supporting the option value model of drip irrigation adoption, which states that firms will wait to adopt in periods where water price are sufficiently high (Carey and Zilberman 2002) .
Following theory, drip irrigation was adopted first in high value tree crops-like avocado-and in high value truck crops-like strawberries and fresh tomatoes (Highstreet et al., 1980) . The early spread of drip irrigation confirms the importance of the distinction between adoption at the intensive and the extensive margin. Drip irrigation allowed the expansion of avocado production up in the San Diego foothills and fresh market tomato production on hilly soils in southern California (Caswell, Zilberman, and Goldman 1984) . : 1980-1989 As figure 1 depicts, the acreage of drip irrigation increased only marginally between 1980 -1988 . Caswell and Zilberman (1985 suggest that most of the adoption of drip irrigation was on land using groundwater with highvalue crops, and the likelihood of adoption increased with well depth. Dinar and Yaron (1992) confirmed these results with 1989 data. These authors found that adopters included growers in the California coastal regions who faced high water prices and grew tree crops, strawberries, and fresh Diffusion of Drip Irrigation: The Case of California market tomatoes. Many of the farmers who had ample water rights or access to cheap surface water did not find the technology attractive. With ample water, the yield effect of the technology was not very pronounced and the water-saving was not economically meaningful to the farmer.
Slow Down and Build Up
Even in regions with high water prices, such as in the Central Valley of California, adoption rates in the early 1980s were low. Although many manufacturers entered the market and sold a reliable product, several disreputable manufacturers sold poorly-designed equipment, which gave drip irrigation a negative reputation and led to disadoption of the technology. 12 Bakersfield is an example of a location where drip irrigation got a bad name through the initial spread of unreliable products (Caswell 1983) . Making matters worse, equipment failures even occurred among the reputable drip irrigation dealers, due to agronomic differences in conditions between Central Valley and coastal regions. Through word of mouth and imitation, a positive reputation can contribute to the spread of the technology, while a negative reputation can lead to avoidance and disadoption of the technology (Rogers 1962) . Disadoption also occurred when the yield effect of the technology did not meet expectations. For instance, stone fruit growers in the Reedley/Dinuba area of central California converted from drip irrigation and microspray back to furrow irrigation when the surface irrigation technique was found to produce higher yields (Clemmens, Allen, and Burt 2008) . One way to see this reduction in interest over drip irrigation is to look at the number of articles published related to the technology. Figure 3 plots the number of articles related to drip irrigation published over time in California Agriculture, the University of California's peer-reviewed agricultural research journal. Juxtaposing figures 1 and 3 reveals that few articles were published about drip irrigation in the 1980s, when the adoption of drip irrigation had stagnated.
Concern about the quality of drip irrigation led to the establishment of Fresno State's Center for Irrigation Technology (1980) and California Polytechnic's Irrigation Training and Research Center, which provided objective testing and evaluation of equipment, and developed human capital for designing and effectively utilizing drip irrigation (Smith and Munoz 2002) . As a result of both public and private research and development activities throughout the 1980s, the capabilities of the technology were expanded to include the precision application of fertilizer (fertigation) and pesticides (chemigation), and management strategies were developed to adapt the technologies to local conditions. For example, extension specialists discovered that the use of drip irrigation in conjunction with pesticides allowed the effective control of nematodes in tree and vine crops in the Central Valley (Zasada et al. 2010) . The University of California also developed the California Irrigation Management Information System (CIMIS) which enabled farmers to adjust irrigation to water conditions and was especially effective when used with drip irrigation (Eching, Frame, and Snyder 2002) . Thus, over the course of the 1980s, the technology's capabilities and reliability improved, and these supply side changes lowered the risk of drip irrigation systems.
13 However, improved technology does not necessarily imply 12 It took several years for the industry to stabilize; there were over ninety registered drip irrigation manufacturers in 1974, but only thirteen viable companies in 1980 (Caswell 1983 California Drought: 1987 -1991 Between 1987 and 1991 California suffered a severe drought where annual precipitation averaged less than 50% of normal. Severe water shortages, especially in the third and fourth years of the drought, brought several changes. First, growers increased their reliance on groundwater by digging wells throughout the state . Second, state and federal water projects reduced the amount of surface water available to farmers, in some places by more than 50% of historical flow. Furthermore, the state introduced a water bank that allowed water districts, especially north of the SacramentoSan Joaquin River Delta, to sell water to drier, southern districts. Third, the drought led water districts to offer assistance to growers for irrigation scheduling and subsidized loan programs for changing their irrigation methods. Finally, UCCE and private irrigation companies increased their efforts to educate and promote new irrigation technologies to farmers, including irrigation management software to utilize CIMIS (Parker and Zilberman 1996) .
The literature, discussed in the previous section, suggests that the transition to groundwater is likely to lead to increased adoption of drip irrigation-as well as to water trading, higher water prices, and credit support. Indeed, the results of a 1991 survey reveal that the drought intensified the adoption of drip irrigation in crops that used it before and led to its adoption in crops that previously used traditional irrigation . In particular, drip irrigation acreage in fruits grew from 25% to 40% during the drought, while drip acreage in processing vegetables grew from 0 to 10%. About one-third of the reduction of water supply caused by the drought was absorbed by fallowed land that was used for low-value crops, one-third was replaced by reliance on groundwater, and the final one-third was replaced by the adoption of conservation technologies.
Adapting Drip to Other Crops and Regions: 1992-2010 Immediately after the drought, figure 1 shows that the share of drip irrigation declined. This was due to the rebounding of acreage of field crops relying on sprinkler and furrow. Yet after this short adjustment, the expansion of drip irrigation adoption and micro irrigation continued. Several factors seem to contribute to this sustained expansion. First, there were water reforms and increased opportunities for trading water. In 1991, the Central Valley Project Improvement Act 14 was introduced, which required vis.edu/en/current/). Caswell, Lichtenberg, and Zilberman (1990) report that the fixed cost per acre for drip irrigation was $633 in the mid 1980s, which would be approximately $1,450 in 2015 dollars. 14 The 102nd Congress (1991 Congress ( -1992 ) passed a multipurpose water legislation (previously referred to as H.R. 429), which contained 40 separate titles providing for water resource projects throughout the Western United States. Title 34, the Central Valley Project Improvement Act, mandates changes in the management of the Central Valley Project, particularly for the protection, restoration, and enhancement of fish and wildlife. Information about the Central Valley Project Improvement Act can be found online at http://www.usbr.gov/mp/cvpia/ (accessed Nov. 8, 2016).
Diffusion of Drip Irrigation: The Case of California transferring water from agriculture to the environment and permanently allowed farmers that belong to the Central Valley Project to sell some of their water. A related development is the introduction of water banking and water markets during and following the drought. Early on, most trades were temporary; however, the share of permanent trades have increased over time, with the overall volume of trade exceeding 5% of annual water use in the state (Hanak and Stryjewski 2012) . As expected by Dinar and Letey (1991) , allowing trading increased the opportunity cost of water and, as a result, expanded the attractiveness and use of drip irrigation . A second factor was the increase in the demand for some high-value crops-in particular nuts-resulting from the opening of the Chinese market to American products in the new millennium (Gale, Hansen, and Jewison 2015) . As theory suggests, higher demand increased commodity prices, and higher prices favor the adoption of yield-increasing technologies like drip irrigation. A third factor was the continuous improvement of the technology, in terms of precision, resilience, and efficiency, as the technical and production capacities of irrigation manufacturers grew over time (Fereres, Goldhamer, and Parsons 2003) -especially Netafim and Toro in California and Jain in India.
15 This learning-by-doing effect, which led to the continuous improvement of the technology, provided more value to the buyer of the technology over time and contributed to increased gain from adoption.
A related fourth factor was the improvement in and adoption of complementary innovations, such as irrigation management tools. These tools include weather information, in particular Evapo-transpiration (ET) information produced by CIMIS and by other sources, and software, hardware, and humanware to operationalize this information. The accessibility of CIMIS information has improved over the years-farmers utilize it themselves or through consultants. Importantly, ET information is much easier to utilize effectively in combination with drip irrigation, rather than other irrigation technologies; so as this information became easily accessible, it gave Applied Economic Perspectives and Policy drip irrigation another edge (Hanson et al. 2009) . 16 The fifth factor was new knowledge gained through use of the technology by farmers (learning-byusing) and by experimenting and researching new ways to use drip irrigation by cooperative extension, including changes in complementary production practices to accommodate the use of drip irrigation.
These factors together led to expansion in the range of crops using drip irrigation and in the locations where it was applied. In particular, after the drought, the adoption of drip irrigation among high-value crops reached close to its limit. An example of this can be seen in figure 3 , which plots the percentage of irrigated acres using drip irrigation by crop type in Monterey County from 1993 to 2013. At the beginning of the sample, high-value berries and grapes were at, or approaching, full adoption of drip irrigation, whereas vegetable crops were close to 0% adoption. Yet by the end of the sample, roughly 50% of vegetable crops were using drip irrigation.
Both industry and cooperative extension realized that further diffusion of this technology could only come through its adoption in lower-value crops, particularly vegetables and fruits for processing (Hanson et al. 2008) .
17 This realization led the research and development agenda for drip irrigation in the ten years before and after the new millennium. The manufacturers focused on innovations to improve their equipment and systems and to lower the price of the equipment. For instance, when surface drip irrigation was first introduced on vegetable crops, its installment and removal was labor intensive. In response to this issue, the private sector invented hydraulic systems for laying-down and rolling-up the tapes. Another invention of private firms is a splicing machine, which can splice drip tapes into pieces and then re-melt them together later. This made drip irrigation tapes more affordable as growers could now reuse tapes 8-10 times instead of just once or twice (Walker 2010). 18 Complementing the work of private firms, cooperative extension focused on researching methods of water, fertilizer, and chemical management using Diffusion of Drip Irrigation: The Case of California drip irrigation for various crops grown in different soil conditions. Much of this public research was made possible by donations of equipment and support services from private irrigation firms (Phene 2010; Phene et al. 2015) . Several research projects implemented by UCCE personnel during the 1990s and 2000s were influential in spreading drip irrigation in fresh market fruits and vegetables (e.g., strawberries, lettuce, broccoli, cauliflower, and fresh market tomatoes), as well as various low-value crops (e.g., processing tomatoes and cotton). A prime example is the work UCCE did in adapting drip technologies to processing tomatoes. 19 Canning companies were resistant to buying drip irrigation-grown fruits and vegetables because as yields go up, soluble solids and fruit sugars go down. This resistance stimulated the work of UCCE to find a balance between high yields and acceptable levels of soluble solids by identifying a field-sampling protocol when fruit first ripen that serves as a gauge for soluble solid projections, so that deficit irrigation can be imposed without extreme sacrifice of yield (Johnstone et al. 2005) . The UCCE also studied the effects of drip irrigation on processing tomatoes in the salt-affected soil of the San Joaquin Valley (Hanson et al. 2009 ). This research showed that-by helping farmers overcome both saline and drainage problems-there is high potential for drip irrigation to increase profits over furrow and sprinkler technologies. The growers in the experiment saw yields of 40 tons per acre using drip irrigation compared to 25 tons per acre with furrow. This was a tremendous yield gain for drip irrigation, and since growers were involved in the study and saw its success firsthand, they promoted the results widely in the region. 20 Today, the vast majority of processing tomatoes in the San Joaquin Valley are grown using drip irrigation. With the cooperation between private sector companies and public extension, drip irrigation in processing tomatoes has gone from 0% in 1987, to 5% of growers in 1995, to 85% of growers in 2011.
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While the adoption of drip irrigation in the production of vegetables between 1992 to the present has been mostly at the intensive margin, much of the impact in the case of fruits and nut was at the extensive margin. This is especially true of nut crops. According to the California Department of Food and Agriculture (2015), California had less than 500,000 acres of bearing or non-bearing almond acreage in 1995, with an average yield of 890 lb./acre. In 2014, California had more than a million acres of almond, with average yield of 2,150 lb./acre. Much of the expanded acreage has been on the western sides of both the San Joaquin and Sacramento Valleys, which experience higher water prices than the eastern sides, and as theory suggests, increased gains from drip irrigation. Much of the growth in nut crop productivity is due to university research-improved agronomic practices, including the application of fertilizers and pesticides using fertigation and increased use of drip irrigation (Geisseler and Horwath 2014; Ayars, Fulton, and Taylor 2015) .
Another recent change complementing the adoption of drip irrigation are projects to convert surface water facilities into pressurized irrigation systems. Farmers in water districts that rely on surface water often face infrequent water deliveries, which can be used effectively with flood irrigation systems but not high-frequency sprinkler or drip irrigation systems. To address this issue, water districts in California, such as the South San Joaquin Irrigation District, are building, testing, and optimizing pilot pressure irrigation projects. Giving farmers water exactly when they need it, and at the pressure and flow rate they desire, increases the value of adopting drip irrigation.
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Lessons from the Historical Analysis
The historical narrative of drip irrigation in California supports the argument of both David (1990) and Olmstead and Rhode (1995, 2001 ) that the diffusion of process innovations includes evolution of the innovation over time and adaptation to local conditions. First, the adoption of modern irrigation technologies entails not only the use of new equipment but also changes in other crop management practices. In other words, adoption necessitates coevolution of the technology and complementary production processes. Irrigation technologies-like computers, cell phones, and other process innovations-improve over time and may evolve new programs and "apps" (e.g., chemigation and fertigation) resulting in changes in other crop management practices (e.g., labor use and crops spacing).
Second, adapting an irrigation technology to specific crops and locations may require joint effort by the irrigation technology supply sector and agricultural research and extension experts at the local level. While improvements in the technology proper are carried out by the irrigation equipment supply network, the equipment companies' capacity to guide complementary changes in agricultural practices are limited. Additional human capital is needed to adapt the technology to specific crops and local conditions. This human capital may be provided by private consultants or public extension. The performance of this integrated "supply network" will determine the overall performance of the technology and the likelihood of its adoption. These two features of technological change-coevolution and local adaptation-are often missing from the literature on process innovation adoption and diffusion.
Conclusion
Drip irrigation is an important process innovation. Introduced in the 1960s, it has been adopted broadly in California and its use is spreading throughout the world. There is a large body of literature on the economics drip irrigation adoption, both conceptual and econometric. After reviewing some of the major findings of the literature, especially in California, this article adds a historical perspective by examining the forty-five year history of drip irrigation in California. We find that the three methodological approaches to studying diffusion-conceptual modeling, empirical and statistical analysis, and historical narratives-are complementary. However, agricultural economists have under-emphasized the historical analysis of technological diffusion. We demonstrate that, in the case of drip irrigation, historical analysis illuminates the important role that technology supply management-and the institutions that provide them-have on the dynamics of diffusion. We also find that the two major models of adoptionthe threshold and imitation models-provide complementary insights and are synergetic. Imitation may be more important in explaining why people consider new technologies, while thresholds may be more important in explaining the final adoption choice.
Our historical analysis verified the major results of the conceptual models of adoption of drip irrigation: (i) higher water and output price tend to increase adoption of drip irrigation, (ii) drip adoption occurred first on lands with lower water-holding capacity and in high-value crops, and (iii) drip irrigation tends to increase yields, but not necessarily save water because of extensive margin effects. We find that the technology evolved to accommodate diverse potential adopters, and observe the coevolution of drip irrigation systems with complementary technologies (e.g., combining irrigation with fertilizing and pest control technologies, sampling protocols, and crop spacing). Yet the historical analysis also discovered cases of disadoption, where farmers abandoned drip irrigation because of disappointing performance.
In California, unlike other regions, drip irrigation has not been subsidized nor was it introduced as part of a water conservation effort. Rather, drip irrigation was introduced due to the initiative of cooperative extension and irrigation companies. Market forces, as well as extreme events like droughts, were the major impetuses for adoption-with drip irrigation promoted as a yield-enhancing technology that can be used to save water during droughts. While aggregate water use in the state has not declined, the adoption of the drip irrigation has allowed for increased production.
Finally, the literature has not emphasized the importance of continuing applied research and extension throughout the diffusion process. In the case of drip irrigation in California, the coevolution of irrigation equipment and farming practices involved joint efforts of the private and public sector. Specifically, while agricultural manufacturers improve the technology to the specific needs of adopters, public sector extension agents and specialists reoptimize complementary production practices, thus enabling adopters to maximize the benefits of adopting drip irrigation systems. This is consistent with evidence on the adoption of drip irrigation in Israel (Fishelson and Rymon 1989) and Spain (Alcon, de Miguel, and Burton 2011) as well as with the history of another important innovation, the tomato harvester; its adoption would not have been feasible without modification of the tomato by the public sector to accommodate the harvester features (Schmitz and Seckler 1970) . Thus, hardware development by itself is not sufficient; it needs to be accompanied by complementary agronomic solutions.
Despite the significant insights gained after forty-five years of research, there is much left to be done. First, there is a place for econometric analysis of the relationship between drip irrigation adoption and yields, watersaving, and cost. However, this will require substantial data collection across crops, regions, and time. Second, we need better quantification of the welfare effects of adoption of this technology in terms of consumer, producer, and environmental surplus across locations. Third, quantitative and historical studies of drip irrigation adoption as it continues to evolve will enhance our understanding of the economics of technology adoption. Fourth, as the use of drip irrigation expands, it is worthwhile to study its Applied Economic Perspectives and Policy impact in different locations. Economic history studies on the adoption of drip irrigation in various locations-such as Israel, India, and China and various parts of Africa and Latin America-will further our understanding of (i) the biophysical, economic, and institutional conditions that contribute to the success of the technology, (ii) its transition among regions and between sectors, and (iii) the dynamics of technological progress in agriculture in general. Understanding these processes better will also provide the foundation to design experimental studies to identify the role of alternative marketing and outreach in spreading the technology and enhancing its impacts.
